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1.

ABSTRACT

Methods for detecting and screening cloud contamination from sate]lite derived visible and infrared data are
reviewed in this document, The methods are applicable to past, present, and futllre polar orbiting satellite
radiometers. Such instruments include the Coastal Zone Color %mner (CZCS), operational from 1978 through

1986; the Advanced Very Hig]l Resolution Radiometer (AVI-IRR); the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS), scheduled for launch in August 1993; and the Moderate Resolution Imaging Spectrometer (MODIS).
Constant threshold methods are the least demanding cc)~~l]>ut:itiollally, and often provide adequate results. An
improvement to these methods is to determine the thresholds dynamically by :Ldjusting them according to the
meal and temporal distributions of the slwroullding pixels. Sp:Ltial coherence methods set thresholds based
on the expected spatial variability of the data. Other statistically derived methods and various combinations
of basic methods are also reviewed. The complexity of tlw methods is ultimately limited by the computing
resources. Finally, some criteria for evaluating cloi d screening methods are discussed.

INTRODUCTION

Clouds consist essentially of liquicl w:iter ac!rosols that
efficiently absorb and scatter el~~ctr{)lll:igll{>tic radiiLti(m at
wavelengths smaller thitll 0.2 rnnl. Therefore, CIOIK1(le-

tection and screening are ilnportant prerequisites to the
retrieval of Earth (land or se:t) slwface data, This paper
reviews the methodology for SLIC1ldc!tmtitnl aml screel~illg
of cloud contamination applied to visible find infrared (IR)
radiometers of polar orbiting satellites.

Data obtained from the visible chaunc!ls of the Coastal
Zone Color Scanner (CZCS), flown aboard Nimbus-7 and
active from 1978–86, reql~ire only daytime C1OLK1detection
schemes, as will data from the Se~L-viewing Jt’ide Field-of-
view Sensor (SeaWiFS), scheduled for launch in Allgust

1993. Both sensors are dedicated to oceanographic appli-
cations. The Advanced Very High Rcsollltioll Radiometer
(AVHRR), flown aboard the National Oceanic and Atmo-

spheric Administration (NOAA) satellite series, is used for

land and sea studies and its visible and 11{ channels r(’-
quire both day and nighttime cloud detection. The Mo&
crate Resolution Imaging Spectrometer (MODIS) is sclle&
uled for launch in the late 1990s tLspart of the Earth Ob-
serving System (EOS) for monitoring global atmospheric,

oceanic, and terrestrial changes. By virtue of its wider
spectral range, improved ground resolution, and sigui li-
cantly greater spectral resolution, MODIS will not o]lly al-
low more accurate detection of clouds based on tech lliql M+
discussed here, but will be c:Lpablc of deriving a nulnber of

important cloud and other atnmspheric properties (King
et al. 1992),

2. DIRECT THRESHOLDS

Over the visible and reflected IR range, ocean water re-
flectance through a cloud-free atln(wl)here is generally (m
the order of 10% or less, whereas the reflectance of C1OU(1S
is normal] y greater t hau 50%. Therefore, a threshold vall~e

may silnpl.y he a set lJl:Lt (discriminates between the mea-
surwl radiiulce of a clou(ly a]][l clear pixel over water during

daytilnc. (OCC:L1lr~f]~~titll~f+ is composed primarily of the
rof fecti(nl of {Iirect a] N1 di IflMe so]tw radiation with some
c(nltribllt i(m fr{)lll back riLdiatioll of the water column. )

I Iigh rcf Iectance also occurs when snow, ice, or sun glint
(SIX:CUlitl’ rcf Iecti(,)l ) is present and a cloud threshold will

discrilniuiite ilg’iLillStsllcll cases that arc j Ust :1Sundesirable

for the derivati(nls of sea surfiiw temperatures (SSTS) or
chloro]}]lyll pigme]lt concentrations.

Reffectauce is a flmet iol) of tile angle of incidence of
tile observed riLv, so sitt~]lite illl(l solar zenith and azimuth
angles should be taken into amount in setting tfle most

t!ffective thresh(dfl val Iw for visible and reflected IR chain

IICIS. Tl]l Is, t 1le maxilnl lln reflect arm expected for a sur-

face of interest :L1l[lfor a giv(!ll :LI@e consisting of the sun,
tile eartll-locate(l I>ixf,l, :NL{ILlle satx’llite (SPS) will serve

b(!St iLS t]lf’ t]llY’SllO]d V[dllC. A large solar zenith angle

rmultillg in low incident light as well as an SPS angle re-
sldting ill lligl I ]m)babil ity of glint contamination should

be r[:jected inck!peudently and before the application of

radiance tllrrsllol(ls ill or(ler to improve their effectiveness.
CZ(~S Chitllll(’1 5 (noulinal Wavelengthj 0.75 )Lnl) is used

to detect ]:Llld a]]d C1OUC1S.A thres]lold of 21 counts for
tl)at channel is Iwua]ly itde(]u:tte to scrccm out the brighter

l~mcl allcl c1OIN1l>ixels frolll SWLslwfacc pixels (McClain et
itl. 1992). III t Iwn, a tl]resll(dd of 190 counts in channel 1
([).443 ~im]) is Ilsed h) differentiate l:LIld from the brighter

cloud SUrfilC(:S, Howwver, in areas of 10W solar elevations,

where CIOII(1S t{!l~cl to be less t~rigl~t, and in areas of thin

cloIKls, s{ wlI thrf’sllol(ls nlay llced to be a~ljusted drew-

ward,

TIIWS]l( )]ck fol’ the~lllill IR dl&llUelS (AVHRR channels
3, 4, and 5 at n(;mild J\’iiVf+lP1lgtllSOf 3.7, 11, Wld 12 /41?1,

rwpectivf:ly) Inay be Iwd cflwillg tl]e day as well AS night
wllell visible chaIIIlels are Ilot usefld. Tlnwhold values may

IM’ set to (liscrilllilliite b(:tw’fwll Clol [cl-top slwfaces, as \vC!ll
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as snow and ice, having brightness temperatures too cold

for ocean surfaces. (When available, channel 5 is preferable
because of the generally greater optical depth of clouds
at this particular wavelength band. ) However, in areas

of actually low SSTS (clown to a minimum of –2° C at
high latitudes), the net effect of cloud contamination will
be smaller and more difficult to discern on the basis of a
simple IR threshold value. Infrared channel thresholds can
be very useful for daytime conditions where low clouds are
in the shadow of other clouds and would have much lower

reflectance.
The use of direct radiance thresholds to identify cloudy

pixels suffers when the measurement signature of clouds
and the ocean surface approach each other and when only
a fraction of the pixel area is obscured by clouds so as not
to place the derived quantity beyond the expected range,

Partial coverage occurs either when clouds are of sub-pixel
size, as is often the case with cumulus or thin, scattered
clouds, or when the pixel view area overlaps the edge of a
larger cloud. Thus, errors in threshold techniques will de-
pend on the areal size clistributions of the observed clouds
(Joseph 1985), with best results obtained when lmost of the
cloud cover is accounted for by larger-t ban-pixel clouds. It
is interesting to note that the error resulting from sub-pixel

clouds also depends on the resolution of the pixels. Small,
widely scattered clouds, for example, are more easily de-

tected in mid-scan pixels than in the elongated, scan-edge
pixels.

Nevertheless, the use of direct thresholds requires min-
imal computational time and may significantly decrease

processing time since they eliminate pixels prior to the
more comput at ionall y intensive derivation of geophysical
values. The extent that pixels which should be excluded
are included (type 1 error) and to which pixels that should

be included are excluded (type-2 error) is very sensitive to
the threshold setting. Moreover, the judicious selection of

the exact channel (s) to apply a threshold test will improve
its effectiveness. For example, the spectral response of the

AVHRR channel 2 can detect cirrus clouds better than
channel 1 and would prove a more effective choice in most

cases.
For AVHRR local area coverage (LAC) data, which has

a nadir resolution of 1.1 km, Olesen [Llld Grassel ( 1985)
combined the use of a direct channel 5 threshold with a

threshold based on the difference of the channel 3 and 4

brightness temperatures for ocean images. The difference

value exploits the different dependence of these channels’
radiances on cloud optical thickness (Jsing various thresh-

old values in their algorithm, based on aswmpt ions of an
average atmospheric profile, they were able to deduce in-
formation on the clouds’ classification, as well M detecting
their presence. The differences between channels 3 and

4 and between channels 4 and 5, have also been used to
discern clouds in polar regions (Raschke et al. 1992, YEa-

manouchi and Kawaguchi 1992),
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3. DETERMINING THRESHOLDS

Various methods may be used to define threshold val-
ues. An operational method for IR data for SSTS for ex-
ample, could use the mean of the local pixels (e.g., l-degree

grid centered at the pixel of interest) over the previous few
days ccrrected for the maximum likely atmospheric ab
sorption effects to help determine the expected SST. The

forecast from a mesoscale model could be used to define
the temperature at the top of the atmosphere in lieu of, or
in addition to, the previous days’ SST mean. The greater
wwiabilit y of surface temperatures makes such methods
les certain over land. (Care would be needed to exclude
coastal areas during SST processing. ) Eck and Kalb (1991 )
use(i a database of average monthly surface temperatures
ass a function of 500x500 kln areas over Africa to deter-
mine optimal channel 5 thresholds for screening cloud con-
taminated pixels when deriving a vegetation index from
AVHRR data. They note that the application of the method
in more temperate climates may result in greater errors
because of the higher likelihood of anomalously low air
temperatumss relative to the monthly averages.

Automatic processing may be augmented (or replaced)
by lliiVillg a user display from which one could select from
occ~sional (or all) images of cloud-free land and sea areas
likely to be the coldest, e.g., high latitude ocean water and
high altitude huld areas. The threshold is then set to be
just colder so as not to exclude these actual Earth surface
values. Thresholds set in this manner are optimal since

they represent the act ual minimum value for the region to
be tessted and are for the swine time ~s the data. Such in-
teractive steps may be used to assess the effectiveness of an
operational algorithm after it is implemented. Analogous
procedures are also applicable for clefining albedo thresh-
olds for visible channels (Saunders and Kriebel 1988).

A dynamic method for determining thresholds is to

generate the histog~arn of pixel radiance counts for each
area of interest. The size of the area used for this purpose

is not critical except that it must be large enough to ob-
t ain good statistics for cloud-free land or sea areas. Peaks
for the cloud-free areas are then identified and a threshold
is established to discriminate such peaks from the con-
taminated pixels. Cloudy pixels, because of the various
degrees to which they can be contaminated, will have a
broad range of values to one side of the peaks. For exam-
ple, cloudy pixels will have generally higher albedo values

for visible channels. A major advantage of this method

is that it avoids inaccuracies due to calibration variations.
This is especially important for data from channels, such as
AVHRR channels 1 and 2 (nominal wavelengths, 0.63 and
0,91 j~m), that lack onboard calibration. Moreover, when
small areas are used for the histogram and the results are

applied to proximate pixels, the dependence of reflectance

on SPS angle geometry is not significant.
Saunders (1986) applied a dynamic visible threshold

to AVHRR LAC based on the histograms of the visible
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reflected radiances. A constant va]lu.? above the wLlue of
the identified clear-pixel peak served M the threshold If
no dominant peak was identified, all pixels were consid-
ered contaminated. Over ocean areas, the channel 2 llistm
gram was+ used because of that channel’s lesser smwitivity
to aeroso] and molecular scattering, w]lereas the chanllc]
1 histogram was used over land bccallse of L1lCJ.ge]wra]ly
greater contrast between land and clouds in t Ilat clmnllel.
England and Hunt ( 1985) IISWIthe 11 ~~m IR. histograms to
fine-tune dynamically visible thresholds for discrinlinilti]lg
land, sea, and cloud data frmn LI13TEOSAT (hleteorol{g-
ical Satellite from the EuropeiLn Space Age]lcy).

Depending on the rate of data to be processed, the
speed of the computer, LLIIdtile accuracy of dctectiol~ r(’-
quired, different wiriations of this histogram method Ilaly
be implemented. For Ini)li)ll(lm COIIll)lltiLtioll, tile entire

image, or a representative portion of it, coIIld be Ilisto
grammed and the derived threshold appli(!d to tlw wltire
image. Alternatively, tile iltiage lll~iy be broken i]lto it grid
and each cell treated llldeprlldel~t ly as ii si Il>imtqy’. Tile
most corllI>lltati{)ll:il ly drnlan(ling nwtll(d is t,o scroll t Ile
area to histog~am over each pixel, or set of pixels, iLS they
are processed, with the idmltification of peaks aIl(l tlw set-
ting of tlmesholds being done alltomatically Llsillg ]xvLk-
fitting programs. Tile lack of idelltilitible lwaks may be
used to indicate CIOIK1(“ollttilllill~ltioll over tile entire area.

The stringency of tile statisticid test used to idmltify ((le-
t[’~t) it I)(>itk CaIl b{’ set by tile Iwr.

4. SPATIAL COHERENCE

Tileexpected variation of tile measlwelm’llt valiles can
its(!l f act as a t hresllold to detect CI(NK1c(mt alnillatioll.
This lmiformity or spatial collere)lce test is eslwcially ef-
fect ive for measurwnents, SIWI1as SSTS or solne Ialld SIIr-
faces at night, having relatively slnall horizontal gra{liellts.

The variation for a pixe] and its adjacent pixe]s is colll-

pared with the expected variati(nl determined from iL set

of Ilearby (in space a]ld tiltw) clou(l-free pixels. [~loud con-
tanlination wollld pres~llllal}ly calw a larger than expectml
variation. The extent to JY1lICI1l)ixels arc itcc[:]}t(,{l/r{’jccte(l,
Mld tile extent to }vhich t~lx- 1 iLnd type-2 errors will (w-
cur, can be determined by ho\Y small tile expected varia-
tion threshold is set. IIolvf:ver, this method will fail wllell
the cloll(l variation is smaller than tlliit of the surface of
interest. Low-level stratus clouds, for exiunple, have ex-
tremely uniform clou(l-t op temperatures and will fail de-

tection. Optically thin clouds, such :LS cirmls, will idso filil
detection by this method.

As mentioned previoiwlyi the Ilse of direct I’itdiance
thresholds Call fail t{) Mk!{lUat(!], V (1(’ted Colltalllilliltioll” frolll
small, sul>pixe] C1OIKIS.The ef[ect of slll>pixel CIOI1{ISon
.4VHRR global area coverage (C AC ) data, which has a
nadir resolution of 4 knl, \vas sillltdi~ted by K a~lflllii]~ ( 1987)
using an empirical mode] to represent various cloud types.
The results indicated that sllcil sm:Lll clouds iiffect the vari-

:Lbi]ity of t Iw r’adi a]]ces iLll(l t]lus are detectable by spatial
colwreuce teclllliqucs. A llwtlmd to correct for the effect
of SILliill and t]lin clouds on thermal data w~s prtisented
by Cower ( 1985). The technique relies on the correlation
of tlw error t]lat iL smtdl ii]llotlllt of C1OIK1contamination
will nave (m visit}le (n’ Ile[w-1R l“iL{liallC[?Silll{l (m thermal-
1R. riidiiLli(wi, It was ii])pli(:(l to AVI IR R. ilnages over ocean
rcgiolls using cll:Lllllcls 2 alxl 4.

A S]}iLtld c(dlc!rence In{’tllod \vi+s US(X1 by Coakley itlld
Brethertxm (1982) to exalnille the standtwd deviation of
2 x 2 arrays of AVI 11{1{ ch:Lnnel 4 CAC data as a func-
Liou of tlw arr:iys’ ln(!tLns for an ocean region. Clusters
of low Variillloe coul)led with low radiating temperatures
and low Vitriilll(l Um]>lwl with high temper atlm!s identi-
fied cmnplctcly covered and cloud-free pixels, respectively.
PtLrti;llly-c(jvcr{:(l I)ixels, 011 tile other hand, exllibitfxl ill-
t(!rlne{li;ite telllperittures with higlmr and lnucll lnore vari-
iit)](? St iLlld:Lrd devlatlolls. ~kLlle iLnd Anderson ( 1984) iLp-
plid this tcclllli(~lw to the CliscrilllillittiC)ll of clouds from
S1lOW illl(l iCL’ COV(,l’ IIsillg’ a I I(,ilr- 11/.SPll Ser.

(Jsillg AVIIR 1{ chall])els 3 iLIKl 4 data, Kelly (1985)

colnl}i)wd direct all(l [liffcrence tllrwsholds with two spatiid
vilriid~ility tests to screw] CIOU(lpixels from LAC ocean im-
itg(!S. 011[’ spatial VilL’iilbilit~ teSt \~iLSlmsed 011the magni-
t II(le of t Ilf! differmwe betweel] pixels. Magnitudes greater
t IliUl p(wit iv{’ illl(l negative t hresho](ls were Used as an ill-
(Iication of cIOIKIS, TIK! otlleu viwia}~i]it.y test was bassed on
tllc nwml of 5 X5 I)ixel sqlmres and tile ]mxnlce of pixel ViLl-

11(!S siglli[i(:i~lltl.y {lilferel)t fr’olll tlliit lLl(?iLll in eiiCh sqtlare.
Sql liLres for w])icll sLIc1l vii]u(’s occurred, and f(w which most
Ilcigllborillfg sqt uLrws wme Iul(!qlli vocally clouds, were as-
sullled to be cloud ColltiLlllilliLtf!(l on the! assumption that
CloLldS occllr” ill clllster’s

Cutltmn et tLl. (1987) c(mlbined constant visible and
t llcrlna-I R tllrc!sh{d[ls with ii st an(lard deviation thresho-
ld tllilt \~iLSii function of SpiU:e and time for screening

~loLIC1-CC)llti~lllill:Lt,~(l pixels from AVHRR IGAC data over

t.lle Greilt Plains of the IJnited States. The direct thresll-
OICISsI1OIdd be iil)pli{’{1 first in order to diminish the in-
fiumw of Ilnifonll doll(lj’ ilY(?aS on tile standard devia-
tion, After this first screening, it was assumed that the
lowest Stiill{lilr(l devliLtk)n for an approximately 4f)x 40 km
area over a follr week period represented the cloud-free,

or t~iickgrt)~lll(l, variitbility of the area and that changes in
this background vitriability with time were small relative
to SLICI1 changes c:tllsed by clouds. Empirically, they used
a Co]lstiillt fiLCtor of 1.4 times tile background variability
to deterllline the tlwesholcl bllt note that an improvement
wOI1l{I be tO IISe iL fiLCtOI’ th:Lt IS a fUllCtk)II Of time NId

S]}ilCe, Good results were obtiiill(’(1 by using albedo as well

as tllerlna] Imckgrolmd variabilities for tile spatial coher-
ence test. However, visible dilt ii generally provide a better
ccnltrast between clouds and land, especially for low warm
clouds, iLIId tile backgmlmd visible variability is more sta-
b]e, while L]lerwra] data al]ows better detection of high thin
cirrus C1OIN1S.A spi~tiiil c(dwrellce test breed on the com-
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bined use of visible and tllervnal data sIIO1dd therefore prw-
vide even better results.

Saunders and Kriebel (1988) refilled nwthmhdogy sug-
gested by Saunders ( 1986) that combined direct, dynamic,

difference, and ratio thresholds and a spfitial coherence test
for AVHRR LAC data. A colmbi]lation of five criteria were
used with variations for open ocean, land, or coastal arwiLs,

for day or nighttime, and for 4- or 5-channel instruments.
In all cases, a direct threshold based ou tile interactively
identified coldest IR radiances from each image of chan-
nel 5, or channel 4 if 5 was not available, was used. This
IR threshold was applied first, resulting in the elimina-
tion of a significant percent of cloudy pixels and thus a
significant computational savings, The spatiiil colwrellce
test was based on 3x3 pixel arrays of chamlel 4 brigl)t-
ne~s temperatures. Because of greater surfm’ variability,

thespatial coherence test wasnot ~lseclf{)r l:lllcl:illcl (:c)tistal
areas during the day and not for coastal areas at nigll~. For
the 5-channel .4vmu{,atlwmllo]d base{l (m the briglltl)ess
temperature difference between cllanndls 4 slid 5 was lwed
for day and night to help detect all txtt IOWCIO(I{lS.

For daytime images, a {]~lliLITliC visi])le tlmw]lokl (see

above) was also applied, folloyved by a tllreslm]d bfised ml
the ratio of the channel 2 to channel 1 reflect:inces, At
sea, this ratio is well defined aro(lncl 0.5 for ckjl~{l-free pix-
els because of the greater visible molecular a]]{l aerosol
scattering, whereas a wide rangeof valu~!sgreater than 1.()
occur for land due to the ilwreased ll(?iU-IR reflectance of
vegetation. on the other hand, clolds, iLS well iLS snow

and ice, concentrate around values of 1.() dlw to tl)eir silw
ilar reffectances in both channels, For nigllttilne images, a

threshold based on the brightness temperature difference of
channels 3 and4 was useclprilmarilyas ii twit forlowcloi~ds
and fog, and one ba.w!d on thediffermlces forclmlllel 3 and
5 (or 4 when 5 was not available) was llsed for sub-pixel
and semi-transparent cloIIds as well :LS IImst lne(liul~L aId

high-level clouds. Because! tlwy (Milled cloud-free pixc]s
as those that pased all five tests for day or night illa~ges,
the Saunders and Kricbel (1988) results likely included a
significant percent of type-2 pixels. By tile salne token,
thestringellcy oftlleconlt}ille(l t~'stsellsl~r{,(l that very few
cloud-contaminated pixels would be used for their sea or
land-surface analysis (type-l errors). The proceclurw of
Saunders and Kriebel (1988) llave}>eellil]>l~liecl witl) good
success by Saunders (1989) and~f’care (19!)’2),

A similar screening scheme for AVI IR R G AC data,
based on a combination of tests that, utilize all five chan-
nels, has been used by Stowe et :L]. (1991). Different sets of
tests are applied to day and nighttime scenes, iLnd different
test criteria are established for ocean and land regimls. The
tests include direct, difference, :Lml ratio thresholds, and
thresholds based on variability. A global set of cmlstant

thresholds are obtained from an associated dtit abase. Fu-
ture development includes the dynamic setting of threshol-
ds based on the analysis of clear pixels from the previous
coverage of the area during operational processing,

Tllierlmann and Ruprecht ( 1992) used a variant of the
LISLELl spatial coherence test ill which tile pixel being in-
vestigtited was given gr(!ater weight than the neighboring
pixels. This w:is don{! by basing the variance metric on the
di[ ference bet ween the cent rid pixel only and its neighbors.
This resulted in an illcretised sensitivity to c]oud contami-
nation, They followed this test with an IR threshold test to
detect cases of Ilom[)gencwus c:loud cover that defy coher-
ence tests. However, they determined tkw threshold from a
histogram of pixels remaining after the application of their
coherence test ill order to lninimize the number of falsely
rejected pixels (type-2 crrwrs),

5. MORE COMPLEX METHODS

A n] u)lber of more involved procedures have been de-
vised to ilnprove ilpon tlw use: of simple radiance thresholds

descri twd above, :LlthoLlgll all are necessarily based on dif-
ferences in the slxwtral responses between Earth surfaces
an(l cloll(ls. For examplf:, Bcrl~stein ( 1982) applied a set
of tests to extract cloll[l-fr(!e pixels from daytime AVHRR
I,AC data for ltse in determining SSTS. First, 30x 30 pixel
sql lares llleet ing a prescribed sun to s:itcllite geometry and

havi]lg a vi f:wing al)gle t hat f:lls[ lres tllc absence of specular
rcflectiml were identified for areas visually determined to
be reliiti\’elv cloll(l free (low dmnnel 2 albedo). Then, the
pixel or pixels having the lnillimuln albedo within each
area wws LIsed if th+it a]be{k) was less th~n 2y0 md fell
\vi t 1Iili a] i accept able rang-e of expected radiance according
t () a sill lple, lillcar R ayleigll scat tering model. To ensure
that tliesf! II]Inilllii u’ere 1lot {11[e to C1OLK] shadows, pixels

wliose afljaccl~t l~ixels’ Abwlo were grfmter than 2% were
rejecled.

If 111111t i]~lr pixels ]xissed these tests for each area, tile
miLXllllllll”l ClliWlllel 4 :illd, i f 11(’eded, (%tUU16!l3 telnpera-
t ures wwe 1lSW1L()selc!ct t Ile l~ixel ltmst like] y to be cIOIK1
free, Inlp{mt ant]y, the 1)1~rpose of this screening was to se-

lect pixels for SST ca]culatimls whose resu]ts were to be
co]rlparefl wit II 171SAU va] 1KS. Since relatively few pixels
were rcqliircd for this purpose, tile restrictiveness of the
criteritt, an{l its consequent excll ~sion of lnany cloud-fr(!e
pixels (tvp62 errors), wiLs not problematic. Such a data
loss, Ilowcver, wol dd be unacceptable if the generation of
tin SST fiekl, for examp]e, N’m tlw gO:L1.

Anotll(!r StLldy for deriving d:~ytirne SST values deter-
mined the empirical albedo M a function of solar zenith
angle and used a llOllhll{’[Lr statistical model to determine

cloud-free albe(lo as a function of Rayleigh scattering cross

section (Simpson :111[1Humphrey 1~~[)). A pixel was re-

jected for SST calculittion if the AVHRR channel 2 albedo
was greater than the em]~irical walue for its zenith angle
Or Was [) LltSlde a St<tlldilrd df!vldlOn Of the model vallle,

They called this Inx)cedluw the local dynamic threshold

nonlinear Rayleigl~ (L DTNLR ) test. A direct threshold
test, based on tile clmnnel 4 radiances, was then applied
to detect C1OLK1Shaving 1(NVreflected-IR radiances due to
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shadows from higher CIOIKISand wllicll could thus p[~ss the

LDTNLR test. Eckstein and Simpson ( 1991) also applied
the LDTNLR procedure to CZCS data using that sensor’s
nww-IR channel 5.

The averaging of pixels will improve tile accura(:y of
radiance measurements since sf!nsor noise errors arc re-
duced. This is an effective pr{wedlm~ when a lower resolw
tion is acceptable and wh{!n Ilorizolltal gradif!llts are rela-
tively small. However, tlw prcsellce of cloud cc)lltiill~ill:itioll
will negate such improvement. An ticcurat,e met l]od for de-
tecting cloud contamination when averaging is LEA, is to

compare the histogran] of each set of tiveragcd pixels wit]l
that of a set of cloucl-free pixels. I%r t hc CIOIICI.free ljixels,
the! shape of the histogram will approximate a Gtillxsian
spike that is centcm!cl at the average value. I f the aver-
aged pixels are contaminated, their histogram \vil] ~ontiiill

a tail to one side. (For exalnple, a coo] tail will occur for 1[{
channel data. ) By fitting the spike of tllc clold-free pixels,
the Center of th[! hiStOgrW1l, illl(l th(!ITfol’f” t]l(> df!Sir’[![l aV-

erage value of th(! colltamil lated ]~ixck, ltlay tx>fh,tcrlnillcd
(S1nit,h et a]. 1970). AltlIoug]l Colll])(lt;itiol~2 L]” r(qllir(:]nents

arc! smaller when the cmnparisml is done for Iowfcvcl data
(radiance counts), tile atmospheric triillslllissi(,,l c{,ll{litif,]ls
for the cloucl- free pixels iLIId thf: averagwl pixels IIIUSLt I1OII
be similar.

More elaborate cloud (Ietecti(nl nwtllods for SST d{,-
terminations are especially Iwefld at lligllt a]ld cxl)loit tlie
differences in the IR cll~L])ll(!ls’sensitivity to clouds. For ex-
ample, the presence of clouds has tile effect of ca~willg SSTS
calculated by split-, dual-, :LIN1 triple- will(low a]gorit hlns to
diverge (McClain 1989). A diffme~lce greater than a speci-
fied amount may be used to indicate c1O1L(l-collttilllillatioll”,
Simil*rly, dual-window algorit,lmls using chanlle]s 3 and 4

and channels 4 and 5 calculat[! the differences in brightness
temperatures, T3 – T4 a)ld T4 – TFI, reslxwtive]y (h’[C~liLill

et al. 1985). The ratio (T3 — T4)/(T4 —T5) is not sensit-
ive to atmospheric conditi(ms ot,ller’ thilll clo[l(lilless. I~or
opaque clouds covering a pixel area, tile f’missivity of sl Icll
clouds is less at channel 3 t]lan at cll:ulllels 4 and 5 ;Llld

the ratio will be smaller. For partially cl(m(ly pixels, tile
measured radiance is composed of tlw radi antes from t lle
warmer sea surface tLn[l the colder cIO1d tops. Since I,llf: ra-
diance for channel 3 is Inore sf,llsit i\w to tellllx,rat ~uw tllall
the other channels, the ratio will be glcater for such con-

ditions. These methods are obviousl,v more intensive colrl-
putationally since they reqllire nmltil~le, (Illiisi-ill(l(j] }ell(l(’llt
calculations of SST for each pixel, even t Ilose sllbswllwlltl y
rejected as cloudy.

A purely statistical approach using a prillcil]le compw
nent transformation with a sp]it-nwrge classification l~as
been developed recently for AVHRR nighttil]w Ill data but
should also be applicable to day IR an(l visible {liita (C,al-
laucfet and Simpson 1991). Tile lnwcwlure first CiL]CU]2LteS

the difference images for tile cllalulel 3, 4, and 5 c(mlt}i-
nations to improve the [Iynmnic rallgf: of tile data. (O]]ly
two difference images are r[!quire{l. ) A princip](! compone] It

analysis is perforlned on the difference images, removing
ilLtf!rband correlat,iolls and reducing tile dirnensionality of
the data to a small nulnber of clusters that adequately ac-
count for the Variance. Tlw clusters are then identified ass
ckmd, land, or ocean dilta by ii label]ing algorithm using
ot~jc!ctive, a p7w~ri criteria. Note that the method can po-
tent ially idellti fy types of clouds or ocean regimes should
they rf+s(dt ill s[!parat,e clusters.

In addition to the df’tection of clouds, bispectral and
multispectral cluster anal yses can derive other cloud pa-
rameters ( I{eyiolds slid Vmlder Haar 1977, Phulpin et al.
1983, Arkillg and Cllilds 1985, Key et al. 1989). Many
other methods lmve been used for the derivation of cloud
a]ld othc!r atl)msplwric in f(mnati(nl (Rossow ct al. 1988,
Stowe et A. 1988, Key an(l Barry 1989, R.ossow et al.

1989, Detwiler 1990, Stone et :LI. 1990, Rossow and Schiffer
1~~ 1). h~et]lo(ls })iLSe(l 011 pittterus of radiances have also
bcell drscrilwd (Parikll 1977, J$’u et al. 1985, Chin et al.
1$)87, Eb(>l”t 1!)!)~). [;;LRU 1{1 ( 1[)86) dkCUSS{!{l a method for
tllc autolllat.ed rc(x)~l)itiol) of ck)lld patterns ill satellite
iltuiges for tile purlx)sc of cl{Ni(l classificntiou. Althol@l
clolld detccti(nl is pcrftmmxl in :Lll these metlmds, tlwir
l>llrlxm is to stll[ly cloil(ls or (Ll]er iltlllosplleric phenom-
(>llil, not Ill(!l’(!ly to SC]”(’(’11 t]l(’l!l ollt, They are g(;llerfl]]}~

not :i]>pro])riiit,(’ for tll(! O]) f!riLti{)lliil detwtion of (]OU{k I}y
S(’iLTViFS or AVH 1{R bccal M, of t IIoir I)roc(!ssing demall(ls
(illclldillg IIser illtcracti(,l)) tm rwlllirf:lllel,ts for special, co-
ilwidcl)t itl)cillary (Iiitil. Nc\’(’rtl~el(!ss, they ca]l }X used i])
S]X’CiiLl stlldies and to IIell) Vtlll{h~te the f:ffectiveness of a
cIOIK1dctecti(nl lnxwc{lluc.

6. EVALUATING METHODS

A Uluntwr of critcri ii ]nust be ttike]] into acc(xmt when
eV:dUiLtillg tll{’ il{l(’(]llil(’y of ally clo{l(l-(l(;tect i{)ll scllelll(:.

Thf’ fxtellt to Ivl)idl it Sdlelll(’ (!lilllilliitcs clolld contanl-

il )ated I)ixels (av{)i(ls Lylw- 1 errors) is perhaps the most

importiult cr’itwioll si)lcc it will deternline the ultimate ac-
cl u.ac,y of Llle derived Earth SIwface data. For casm where
tile sparsel)css of tl]c [lat:l is of concern, a scheme’s abil-
ity to not rf:ject llllColltiLlllilliLtf ’{1 pixels (type-2 errors) be-

COIIWS illlportallt. The robllstlless of a scheme is a mea-
si m, of lI()\v itp]}iica})]c it k over (1] !Irnil] iil](] seiisolliil tinle

riLIlgW, rrgi(nlal (m gl(dml scales, and the variety of cloud
types :L1)(l (Iellsitim tll:lt c;tn exist. For loCilliZC(l studies,

sclmnes that iil’[’ a])llli(, ilt~]f’ over a lliirl’O\V rilllge Of COll-

ditious may b(! ~icccptable; for global and Imlg-ternl data
sets, SUCI1:W AV1]1{.1{SS’~s ill)(] SeuJ4’iFS pigment cOll-

ceutrat i(n)s, clollds nll Ist be detected for a wide vitriety of
coll(lit im)s. Final Iv, tile (:01tlpl Itiit i{)llitl reql lirwnent,s of any
schenw Iuust Iw colwi(lmx>d, especial],y in the case of real
time or near-real tillle sat(’llite [l;~til procewillg.

Thus, tile selection of a (:1[)~1{1-(l(!tectic)llscheme rmlst
obvious]y tak(! into iLC(’ol l]lt t}lf> tyl)~ Of (liLtii procf!ssillg
(Ilistorici,l VS. near rwd-ti*ne), tllc ilr(!id covfxage find time
]cngth of t]le (lat:~, tile coltipl ltil]g resources, and the strin-
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gency of the accuracy requirements for the derived data.
Schemes such as those outlined above and their variants

may be used in any number of combinations to provide
an optimum procedure for the task at hand. The set-
ting of threshold values must also be fine-tuned for the
specific requirements to ensure that, al t bough cloud con-
tamination by very small clouds may not be completely
eliminated, any resulting errors will be contained within
acceptable bounds. For operational usage, the effective-
ness of the cloud detection algorithm must be evaluated
frequently—an effort that is an essential element of overall
data validation.

AVHRR
Czcs

EOS
GAC

IR
LAC

LDTNLR

METEOSAT

MODIS
NOAA

SeaWiFS
SPS
SST

GLOSSARY

Advanced Very High Resolution Radicnneter
Coastal Zone Color Scanner
Earth Observing Satellite
Global Area Coverage
Infrared
Local Area Coverage
Local Dynamic Threshold Nonlinear Raleigh
(a test)
Meteorological Satellite (European Space
Agency)
Moderate Resolution Imaging Spectrometer
National Oceanic and Atmospheric Adnlin-
ist ration
Sea-viewing Wide Field-of-view Sensor
Sun, pixel, and satellite angle
Sea Surface Temperature
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